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The study was made to determine the effect of daily 
atmospheric temperature variation and curing on the warping 
and curling of plain concrete slabs and to study the effect 
of moisture on the warping of plain concrete slabs under 
nearly constant temperature conditions, by keeping the 
bottom surface of one slab wet and the other dry. 
Daily observations consisted of dial gage readings to 
determine the progressive variations in warping contours 
due to typical daily temperature curling. Trends were 
found for three months of dial gage readings and interpreted 
in terms of warping and curling of the slabs. 
The warping of outdoor slabs is much larger in magnitude 
than indoor slabs. The slab whose bottom surface was kept 
wet showed a slightly greater warping than the dry slab. 
iii 
ACKNO'VJLEDGMENT 
The author wishes to express his grateful appreciation 
t.o Dr. Joseph H. Senne, Jr., Chairman of Civil Engineering 
Department, for his acivice and guidance tllro-c.gh the course 
of investigation. The author wishes to express his sincere 
thanks to Dr. John Best and to the staff of the Civil Engi-
neering Department for their aovice and assistance in 
preparing this thesis. 
The author would also like to express his sincere 
thanks to Mr. Raman A. Patel an~ Mr. Vinod T. Patel for 
their help during the experiment. 
The author also desires to express his sincere appreci-
ation to Mr. Hendrix, Superintendent of Buildings and 
Grounds, for his permission in using certain areas of the 
campus grounds for the location of the outdoor tests. 
TABLL OF CONTL~~'I'S 
ABSTI?AC"' . . . 
ACK~~OvJLLDGMm~T 
LIST OF ILLUS'I'PATIONS. . 
I. INTRODUCTION . . . 
II. REVIEV'J OF LI'l'ERATURE . 
III. HATERIALS AND EQUIPHENT 
A. Materials 
B. Concre-t:.e Mix . . . . . . . . 
C. Construction of Slabs . . . 
D. Slab Deformations Measuring Device . 
IV. TEST PROCEDURE . . 

























LIST OF ILLUSTI'-.ATIONS 
Figures Page 
1. Dimensions of slab and position of measuring 
aluminum plates . . . . . . . 16 
2. (a) Sieve analysis of fine aggregates . 17 
(b) Sieve analysis of coarse aggregates . 17 
3. Slab ueformation measuring device . . . 18 
4. Measurements being taken in lengthwise direction 19 
5. Measurements being taken in crosswise direction 20 
6. Deformation of the center and a corner point of 
outdoor slab I due to warping and curling, 







(a) June 23, morning curling and warping contours 
for outdoor slab I. . 
(b) June 23, afternoon curling on warping 
contours for outdoor slab I .. . . . 
(c) June 2.3, evening curling an c. warping con-tours 
for outdoor slab I. . . . . 
(a) Deformation of points 1, 2 , 4 and 5 of out-
door slab I due to warping, showing long 
term trends . . . . 
(b) Deformation of points 6' 7 ' 8 and 9 of out-
door slab I due to warping, showing long term 
trends. 
(a) Deformation of points 1, 2, 4 anu 5 of out--
coor slab II cue to warping, showing long 
term trends . . . . 
(b) Deformation of points 6, 7, 8 and 9 of out-
door slab II due to warping, showing long 
term trends. 
(a) Deformation of points 1, 2, 4 an(i 5 of ir:.-
door slabs due to warping, showing long term 
trends. 
(b) Deformation of points 6, 7, 8 and 9 of in-










Warping contours of outC...oor slab I' two weeks 
after construction . . . . . . 35 
Warping contours of outdoor slab I' three weeks 
after construction . . . . . . . . . 35 
vi 
I,IST OF ILLUSTRATIONS (CONTINUED) 
Figures Page 
13. Warping contours of outdoor slab I' four weeks 
after construction. 36 
14. Harping contours of outdoor slab I' five weeks 
after construction. 36 
15. Warping contours of outdoor slab I' six weeks 
after construction. 37 
16. vJarping contours of outdoor slab I' seven weeks 
after construction. 37 
17. Warping contours of outdoor slab I' eight weeks 
after construction. 38 
18. Warping contours of outdoor slab I, twelve 
weeks after construction. 38 
19. Warping contours of outdoor slab I' fourteen 
weeks after construction. 39 
20. Warping contours of outdoor slab II, two weeks 
after construction. 40 
21. warping contours of outdoor slab II, six weeks 
after construction. 40 
22. Warping contours of outdoor slab II, fourteen 
weeks after construction. 41 
23. Harping contours of indoor slabs, one month 
after construction. 42 
24. \'Jarping contours of indoor slabs, two months 
after construction. 42 
25. Warping contours of indoor slabs, three months 
after construction. 43 
1 
I. INTRODUCTION 
The present growth of the American highway system 
presents a staggering problem to the highway Cesigner. The 
increase~ and urgent demand for more highways capable of 
accom'nodating traffic loads that are constantly increasing, 
combined with the increased construction cost of highways, 
encourages the present day highway aesigner to envision 
further highway problems that will arise. These further 
problems are numerous and complex. However, it seems the 
primary problem involves the selection of surfacing materials 
that will withstand projected traffic loads with a maximum 
economy of construction and further maintenance costs. 
Concrete at the present time is one of the most satis-
factory materials available for high-quality highway surfacing. 
But its low resistance to bending tends to limit the tensile 
stresses. As a result increased pavement thickness is 
needed for high loads with a correspon6ing increase in stiff-
ness as well. Restraints of warping and temperature curling 
combine with load stresses to limit slab lengths or induce 
critical stresses and cracking (1). Therefore i·t is neces-
sary to study ·the warping and curling of plain concrete slabs 
unc~er two separate conditions, one unO.er atmospheric tempera-
ture an~ the other unuer relatively constant temperature. 
The terll1s 'warping' and 'curling' have been well ·:..efined 
1n the report of length changes in prestresse~ concrete slabs 
on subgraJes, year 1960 (2). 
'Warping' as defined here is a result of differential 
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shrinkage or swelling Cue to moisture and material variations 
from the top to bottom of the slab, and of creep under pre-
stress with varying effects in top and bottom parts of the 
slab and of subgra~es departing from their original 'level' 
contour. 
'Curling' is the C::.aily cycle in response to variable 
expansion and contraction because of varying temperature 
gradients from the top to bottom of the slab. 
A slab will warp whenever one layer contains more reois-
ture than an adjacent layer. This is explaineC::. by the volume 
change in a concrete slab corresponding to a change in mois-
ture content of the slab. If one layer contains more mois-
ture than an adjacent layer it will have a differential 
length change. This differential length change will cause 
the slab to warp. If the top of the slab contains more mois-
ture than the bottom of the slab, warping will be concave 
downward, and vice versa. A temperature differential within 
the slab causes curling in a manner similar to moisture 
warping. If the top of the slab is at a lower temperature 
than the bottom, ·the top of the slab will contract to a 
greater extent than the bottom causing the slab to curl con-
cave upward. Concave downward curling will occur when the 
bottom of the slab is at a lower temperature than the top (3). 
L. W. Teller (4) has stated that sioewalk panels 
are permanently 'dished' because the rich mortar on top con-
tracted more than the lean base below during the hardening 
period. Similarly in a slab of initially uniform concrete, 
3 
excessive troweling during finishing may bring to the top an 
abnormal amount of water, cement anu fine aggregate particles, 
creating a surface layer with greater shrinkage ten~encies 
during tirying than the material in the lower part of the 
slab. 
The purpose of this investigation was to study the ef-
fect of relatively constant temperature, daily temperature 
variation and uneven curing on series of small concrete slabs 
using a stancarc concrete mix. To do this, Gial gage 
measurements of slab deformations were taken over a three 
month period on two slabs kept indoors in nearly constant 
temperature environment and on two outdoor slabs subjected 
to uaily temperature variations. 
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II. REVIEvJ OF LITERATURE 
It has been known for many years that when the tempera-
ture or the moisture content of portland cement concrete 
changes, a corresponding change in volume also occurs. Thus, 
the concrete undergoes a period of seasoning during which an 
appreciable volume change can cause changes in the shape that 
are evidenced by objectionable ueformations. Concrete at 
present has assu,."'tled an enviable position as a paving material, 
but volume changes may cause unequal expansions and contrac-
tions, which in6uces serious shape changes. J. Bauschinger (~ 
conducted a test in 1879 on different portland cements. He 
concluded that volume changes of concrete are due to shrink-
age, expansion, temperature changes ana plastic flow unuer 
loads. The factors influencing the shrinkage anG expansion 
are - composition of cement, aggregates, wetness of mix, size 
of specimen, forms (whether absorptive or not), age of the 
specimen and duration of test. 
In 1917, A. T. Goldbeck and F. M. Jackson (6) stu~ied 
the expansion and contraction an6 length change of concrete 
pavements. A change of temperature in concrete is accom-
panied. by a change in the volume. Under these circumstances, 
in a concrete pavement, frictional forces between the slab 
an~ the subbase tenu to resist the movement of the slab to 
accommodate the volume change. 
warping and curling stresses are the cause of failure 
for ~any concrete pavements. These stresses develop when-
ever a moisture or temperature differential exists within 
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the slab. 
The Arlington test (7) conducted in 1935 was instru-
mented to obtain extensive information concerning temperature 
differentials, existing in concrete pavements of various slab 
depths. This information being closely related to the magni-
tude of warping or magnitude of restrained warping stresses, 
developed in a concrete slab contributed desirable informa-
tion for the design of concrete pavements. Conclusions 
concerning temperature differentials and warping stresses 
from the Arlington test are as follows: 
l. The average pavement temperature undergoes an annual 
change of about 80°F. 
2. The maximum temperature differentials observed at the 
edges of the test sections were: 
a. For a 6-inch uniform-thickness section, 23°F. 
b. For a 9-inch uniform-thickness section, 33°F. 
c. For a 9-6-9 thickened edge section, 33°F. 
These maximums occur during the hot afternoon of early 
sumn1er when the upper surface of the pavement is heated 
by the intense sunlight and the lower surface is kept 
cool by a subgrade that is still at a relatively low 
temperature. 
3. The change in shape of a pavement slab resulting from 
restrained temperature curling does not cause large changes 
in the critical stresses from applied loads. In this in-
vestigation, the maximum observed condition of upward 




to warping, with conformation of the soil subgra-~e prof i lc: 
improving with time, approaching the shape of the warpeJ 
slab. 
In 1957 'iiilbur D. Stites (9) perforr:tect the experiment 
to investigate the length changes anci warping in thin vre-
9 
stresseu pavements. In this experiment he founJ that warping 
for a prestresse~ concrete slab increases as the intensity of 
the prestress imposed upon the slab increases, and var1es 
inversely as the slab thickness. Moisture warping of a pre-
stressed slab is much larger in magnitude than is temperature 
curling during the wet seasons of the year. The moisture 
warping causes the slab to warp concave upwards. The mois-
ture warping is additive with nighttime temperature curling, 
and relieves temperature curling during the aaytime. The 
subbase drainage influences the moisture warping to an indefi-
nite but large degree. His tests were conducted using a 
length and a width of 222 x 25 inches, respectively and slabs 
of 5 l/2 and 8 inch depths. Length changes in the slabs 
were measured using temperature compensate~ gages, and a ten 
inch clinometer to obtain warping and curling data. 
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III. MNi'ERIALS Al:D EQUIPMEnT 
·A. Materials. 
The cement used was Rea Ring 0 Type I, Portland Cement, 
manufactured by the Missouri Portland Cement Company. 
The fine aggregate used was a river run sand from the 
bank of the Meramac River near Pacific, Missouri, containing 
mostly chert and quartz. A sieve analysis was made using the 
Rotap machine in accordance with the Standard Method of Test 
for sieve analysis for Fine Aggregates ASTM Designation: 
C 136-61 (lOA), as shown in Figure 2 (a). Its specific 
gravity was approximately 2.46, the absorption 1.6 per cent 
anu the fineness modulus 2.83. The coarse aggregate useu 
was creek grain aggregate from the Big Piney Sand Company, 
Waynesville, Missouri. A sieve analysis was made in accord-
ance with the Standard Method of test for "Sieve Analysis 
for Coarse Aggregates," ASTM Designation: c 136-61 (lOA), 
as shown in Figure 2 (b). The fineness modulus was 2.45. 
Water used in this experiment was unsoftened tap water 
from the City of Rolla Water Distribution System. 
For casting the slabs, wooden forms made from three-
eights inch plywood were used. Inside dimensions of forms 
are as shown in Figure 1. These forms were coated with oil, 
prior to placing the concrete, to prevent excessive water 
losses from the concrete to the wooGen forms. 
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B. Concrete Mix. 
The concrete mixer used was a stationary, non-tilting, 
electrically operated mixer, having a capacity of two and 
one half cubic feet. It is manufactured by Lancaster Iron 
Works Inc. Lancaster, Pennsylvania. The interior surface 
was kept very clear, dry and free from any foreign materials 
before use. 
The concrete mix for all slabs was of standard propor-
tions, 1:3.28:3.40, with 7.3 gallons of water per sack of 
cement which is a 1.55 cement factor. 
All of the materials, cement, fine aggregate, coarse 
aggregate and water was weighed on Toledo Scales, accurate 
to one fourth pound. For preparing the normal concrete, 
air-dry fine aggregate, cement and two thirds of the required 
water were first placed in the mixer, after which the coarse 
aggregate was added. This procedure was used for minimizing 
the initial bulking of the mixture. The remaining one third 
of water was added and the concrete mixed for about two and 
one half minutes. Thus the ingredients of concrete were 
mixed according to ASTM Designation: c 192-59 (lOB). Slump 
tests were made from each batch immediately after mixing and 
before placing the concrete in the forms. The slump test, 
conducted in accordance with ASTM Designation: C 143-58 (lOC), 
gave approximately two and one half inches in all batches. 
Standard six inch diameter twelve inch long cylinders were 
made from each batch of the concrete mix for measuring the 
compressive strength. The cylinder forms were removed after 
curing had progresseG for 24 hours outside the moist room, 
then marked and placed in the curing room at 100 per cent 
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relative humidity and an average temperature of 72°F. 
strength of concrete was 4000 psi and 28 days, actual 
strengths are shown in Table I. 
Design 










The concrete was designed using the Portlanu Cement 
Association's pamphlet, ''Design and Control of Concrete 
Mixtures''. The proportion of concrete mix has been nentioned 
previously. 
While pouring the concrete, a nominal steel bar of 
diameter one fourth inch was placed in the center of each of 
the slabs to prevent cracking during lifting of the slab. 
Subsequently, the slabs were carried to their proper place. 
For the purpose of measuring the temperature of the bottom 
of the outdoor slabs, a hole was made in each of the slabs 
by inserting a greased one fourth inch diameter wooden doll 
at the desired position. The dimensions of the slabs were 
48 inches long, 24 inches wide and 3 inches thick. Nine 
aluminum measuring plates 3/4 inch x 3/4 inch x 1/4 inch 
thick were affixed, as shown in Figure 1, on each of the 
slabs using epoxy cement, to facilitate precise tiial gage 
measurements. 
For the outdoor slabs a site was chosen just east of 
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the Civil Engineering Structures Laboratory. Two plots of 
ground five feet long and three feet wide were cleareG by 
removing grass anti digging out the roots up to six inches in 
depth. The two slabs were oriented with their lengths in the 
east-west direction. The area surrounding the sides of the 
two slabs was filled with clay up to one half inches to pre-
vent any surface water from penetrating underneath the slabs. 
The site was oriented in such a way that the slabs remained 
in sha6e in early morning an~ in evening an~ received ful: 
sun between 7:00 a.m. and 1:00 p.m. 
For laboratory indoor slabs, the site was located in the 
south-west corner of the structures testing laboratory. Two 
separate beGs with their lengths in the south-north direction 
were prepareti for two different conditions. One bed, one 
inch thick, consisting of a sand and clay mixture for gooL 
capillary action, was moistened at regular intervals in 
order to keep the bottom surface of the slab wet. The other 
bed one inch thick made up of sand only, was designed to keep 
the bottom surface dry. 
Prior to their being placed in the proper position, the 
slabs were kept for three days in the forms anc~ cured by 
14 
placing wet burlap sacks on the upper surface of the slabs. 
D. Slab Deformations 1'1easuring Device. 
The instrument liSed for measuring tieformations consisted 
of a horizontal bar to which were fastened dial gages, as 
shown in Figure 3. Essentially it consisted of a one and one 
half inch steel pipe four feet long, with two aGjustable and 
one fixed support as well as brackets for hol~ing three dial 
gages. The pipe was designeG to move up and down along the 
two supports relative to the fixeQ end. Washers and nuts 
were used for better movement of the pipe. The location of 
the supports is shown in Figure 3. Two dial gages a-t 22 
inches an~ 44 inches were fixe~ to the brackets for measuring 
the deformations at points on the slabs in the longituainal 
direction, as shown in Figure 4. The third dial gage was 
located at a point 11 inches from the fixed (reference 
point) support for measuring the deformation in the cross-
wise direction, as shown in Figure 5. A counter-weight was 
placed on the pipe to balance the overhanging portion while 
taking the deformation measurements in the crosswise direc-
tion. A sensitive three and half inch spirit level was 
used for levelling the pipe. It was fixed on the pipe near 
the center. One tenth inch horizontal rnovement of the bub-
ble corresponde~ to 0.007 inch vertical movement of the 
outer 2ial gage. The measuring device can be reset with a 
consistency up to 0.001 inch. 
A thermometer graduated in increments of l°F was used 
15 
to measure the temperature at the tup and bottom surface of 
the outdoor slabs. Its ra~ge was -40°F to +120°F. 
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Figure 2 (b) - Sieve analysis of 
coarse aggregates. ~ ....:1 
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Figure 3 - Slab deformation measuring device. 
Figure 4 - Measurements being taken in 
lengthwise direction . 
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IV. TEST PROCEDURE 
An accurate record of deformation of all slabs was ini-
tiated five days after the slabs were cast. This five day 
delay was necessitated by the fact that the aluminum measure-
ment plates could not be cemented to the slab until after 
initial curing. Also due allowance had to be made for cali-
bration checks of the measuring device. The everyday report 
included two sets of observations viz., those for the outdoor 
slabs and those for the indoor slabs. The set of observa-
tions for the outdoor slabs included dial gage readings at 
eight different points and the temperature at the top and 
bottom surface of each of the slabs. With the help of this 
measuring device, dial gage readings were taken in the 
lengthwise direction by placing the fixed support at points 
3, 6 and 9, as shown in Figure 4, and in the crosswise direc-
tion by placing the fixed support at point 3, as shown in 
Figure 5. In addition to these readings, a few more dial 
. gage readings were taken in the crosswise direction by placing 
the fixed support at point 1 and 2, to ensure correctness of 
the readings. If the cross checks for the points 4, 5, 7 
and 8 did not conform within .004 inch limit, the same pro-
cedure was repeated until the readings fell within the above 
mentioned range viz. 0.004. Normally the readings agreed 
within 0.002 inch or less. A set of observations of the 
outdoor slabs required 15 to 20 minutes. As a rule these 
observations were taken at three different periods during 
the course of a single day viz., early in the morning 
22 
at about 7:00 to 7:30a.m., at noon at about 12:00 to 
12:30 p.m. and late in the evening at about 5:00 to 5:30 p.m. 
Such repeated observations were necessitated by the tempera-
ture variations that occur throughout the day. Such repeated 
observations were continued for six days per week during a 
one and one half month period and twice a month thereafter 
through to the end of September. 
Although the time required for taking the other set of 
observations viz., other for the indoor slabs, was more or 
less the same, the frequency of the observations was never-
theless different in this case. Only one set of observations 
was made throughout the course of a day at 11:30 a.m. since 
the indoor temperature remained at all times within 2 to 3 
degrees. 
A steel beam flat surface was selected as 11 level refer-
ence plane". Dial gage readings were taken by levelling the 
measuring device on this reference plane before and after 
taking the deformation readings on each of the slabs. While 
levelling the measuring device on the reference plane, the 
variation in the reading was ±.001 inch. 
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V. TEST RESULTS AND DISCUSSION 
The daily cycle readings for outdoor slabs were plotted 
on graph paper by taking age as the abscissa and deformation 
as the ordinate. After plotting the daily deformations, 
average long term trends were drawn for all eight different 
points on the outdoor slabs. The long term trend, as previ-
ously defined, is called warping whereas, deformation due 
to daily variable atmospheric temperature is called the 
short term trend. This short term trend is also called curl-
ing. Typical short and long term trends for a corner point 1 
and the center point 5 of outdoor slab I are shown in Fig-
ure 6. These trends are drawn for a particular two week 
period. A line passing through the point of the average 
deformation for the first day was considered as the base 
line. A point above this base line, i.e. upward deformation 
was considered as negative and a point below the base line, 
i.e. downward deformation, was considered as positive. 
Short term trends were drawn for a three month period 
for both outdoor slabs after which long term trends were 
obtained. 
Considering the short term trends, the corner points 1, 
7 and 9 and edge points 4 and 6 moved upward in the morning 
and evening, and downward during the afternoon. The center 
point 5 and edge points 2 and 8 moved downward in the morn-
ing and evening, and moved upward during the afternoon. 
Figures 7 (a), 7 (b) and 7 (c) illustrate the morning, 
afternoon and evening deformation in the form of contour 
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patterns on a particular day for outdoor slab I. These 
contours are drawn by considering the long term trend as a 
base line and following the notation of deformation mentioned 
previously. 
Figures 8 {a) and 8 {b) and also Figures 9 {a) and 9 {b) 
illustrate only long term trends for outdoor slabs I and II, 
respectively. As the age of slab increases the corner points 
1, 7 and 9 and edge points 4 and 6 warped upward whereas, the 
center point 5 and edge points 2 and 8 warped downward. From 
June 19 to first week of August, the observations were taken 
daily. The long term trend to show a wavy pattern is probably 
due to slight variable atmospheric temperature changes. Ob-
servations were not taken during August 9 through September 4; 
after that observations were taken at approximately one week 
intervals. 
Since the indoor slabs remained more or less at a rela-
tively constant temperature in the laboratory, it is assumed 
that there was no deformation due to temperature. Single 
daily observations were taken for three months period and 
long term trends obtained by plotting these values. The 
corner points 1, 7 and 9 and edge points 4 and 6 warped up-
ward whereas, the center point 5 and edge points 2 and 8 
warped downward. Figures 10 {a) and 10 {b) illustrate the 
long term trends for the two indoor slabs. In the latter 
part of these graphs, long term trends appear smooth because 
observations were taken at approximately one week intervals 
rather than daily. In all cases the slab whose bottom surface 
25 
was kept wet, warped slightly more in comparison to the dry 
slab. 
Figures 11 through 19 illustrate contour patterns for 
outdoor slab I. Figure 11 show the contour patterns for a 
two week period following construction, and Figures 12 
through 17 show the contour patterns at one week intervals. 
Figures 18 and 19 show contour patterns at twelve and four-
teen week intervals. All contours are based on initial read-
ings which were taken five days after casting the slab, thus 
figure 11, for example, represents the change in elevation 
during this period. Since the outdoor slab II remained under 
the same atmospheric condition as outdoor slab I, the contour 
difference for both slabs was very nearly the same. Only 
three particular sets of contours were drawn. Figures 20, 21 
and 22 show the contour patterns at two week, six week and 
fourteen week intervals. Figures 23 through 25 illustrate 
the warping contours at one month intervals for the indoor 
slabs. Since concrete has a fairly constant coefficient of 
expansion for a given type of aggregate, curling due to 
temperature differential can easily be calculated to a 
limited degree. Theoretically the slab bends in a circular 
arc, however the weight of the slab and subgrade support may 
change somewhat the shape of the curling curve. Calculations 
were made for theoretical slab curling and compared to ob-
served values. These values were in close agreement. The 
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Figure 7 (a) - June 23, Morning curling and 
warping contours for outdoor 
slab I. 
(Contour interval one thousandth of an inch, 
plus downward and minus upward) 









Figure 7 .(b) -June 23, afternoon curling on 
warping contours for outdoor 
slab I. 
(Contour interval one thousandth of an inch) 
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Figure 7 (c) - June 23, evening curling and 
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Figure 8 {a) - Deformation of points 1, 2, 4 and 5 of outdoor slab I 
due to warping, showing long term trends. 
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Figure 8 {b) -Deformation of points 6, 7, 8 and 9 of outdoor slab I 
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Figure 9 (a) - Deformation of points 1, 2, 4 and 5 of outdoor slab II 
due to warping-, showing long term trends. 
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Figure 9 (b) -Deformation of points 6, 7, 8 and 9 of outdoor slab II 
due to warping, showing long term trends. 
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Figure 10 (a) - Deformation of points 1, 2, 4 and 5 of indoor slabs 
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Figure 10 (b) -Deformation of points 6, 7, 8 and 9 of indoor slabs 
· due to warping, showing long term trends. 










Figure 11 - Warping contours of outdoor slab I, 
two weeks after construction 
(Contour interval one thousandth of an inch) 
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Figure 12 - Warping contours of outdoor slab I, 
three weeks after construction. 





-7 3 0 
Figure 13 - Warping contours of outdoor slab I, 
four weeks after construction. 
(Contour interval one thousandth of an inch) 
-8 2 0 
Figure 14 - Warping contours of outdoor slab I, 
five weeks after construction. (Contour interval one thousandth of an inch) 
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Figure 15 - Warping contours of outdoor slab I, 
six weeks after construction. 
(Contour interval one thousandth of an inch) 
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Figure 16 - Warping contours of outdoor slab I, 
seven weeks after construction. 
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Figure 17 - Warping contours of o~~do~~ e~ab I, 
eight weeks after cons~~~~tio~. 
(Contour interval one thousandth Of ~~ i~ch) 
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Figure 18 - Warping contours of ovto~o~ ~~ab I, 
twelve weeks after COJ'lS"t;~vct;ton. 
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Figure 19 - Warping contours of outdoor slab I, 
fourteen weeks after construction. 
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Figure 20 - Warping contours of outdoor slab II, 
two weeks after construction. 
(Contour interval one thousandth of an inch) 
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Figure 21 - Warping contours of outdoor slab II, 
six weeks after construction. 
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Figure 22 - Warping contours of outdoor slab II, 
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Figure 23 - Warping contours of indoor slabs, 
one month after construction 
(Contour interval two thousandths of an inch) 
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Warping contours of indoor slabs, 
two months after construction. 
(Contour interval two thousandths of an inch) 
---Bottom surface wet (W) 













Figure 25 - Warping contours of indoor slabs, 





The relatively short period of time during which data 
was collected for this investigation indicates that any con-
clusions reached may not be representative of what would 
happen to a concrete slab under different climactic condi-
tions. However, a thorough and a careful analysis of the 
data collected and assimilated with previous research in 
similar fields instills a sense of confidence in the conclu-
sions based on the data available even though the range of 
climatic conditions experienced was limited. 
The following limited conclusions apply to observations 
from the time of construction up to a three months' period, 
without involving a complete one year cycle. 
1. Curling of the slabs during the morning and noon is 
nearly the same in magnitude but opposite in direction. 
2. The warping of outdoor slabs is much larger in magni-
tude than indoor slabs. In the test conducted the 
outdoor slab warped an average of .032 inch while the 
indoor slab warped an average of .022 inch. 
3. Moisture in the subbase causes the slab to warp concave 
upwards. 
4. The subbase drainage influences the moisture warping to 
an indefinite but not large degree. For this experiment, 
the slab whose bottom surface was kept wet showed a 
slightly greater warping than the dry slab. 
5. The values of curling obtained by theoretical calculations 
are in close agreement with the experimental results. 
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RECOMMENDATION 
In order to improve the deformation measurements of the 
slabs, it is recommended that two separate measuring devices 
be used, one for measurements in a lengthwise and the other 
in a crosswise direction. Slabs containing reinforcement 
should also be investigated and compared to plain concrete. 
An investigation on warping should also be carried out for 
slabs of different sizes, and containing different concrete 
mixes. Measurements extended over a longer period of time 
would be desirable. 
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APPENDIX 
Theoretical Considerations, Slab Temperature Curling. 
Since the entire top and bottom surfaces contract and 
expand evenly, the curling curvature is of a circular shape. 
However for the simplicity of calculation and due to the 
fact that deformations due to temperature variation are small, 
i.e. of the same order of magnitude as deflections due to 
normal loading, the following assumptions are made: 
1. Temperature variation is constant. In other words strain 
variation is a straight line from the neutral axis. 
Since the curvature is small: 
2. tan ~ = ~ 
3. ds = dx 
The derivation for the equation of curvature: 
p is the radius of curvature, e = C(6T)ds 
ds e ~ =H72 = d~ (1) 
tan 4> = 4> = ~ dx 
Differentiating with respect to x 
d<j> d2 1 
dx = ~= dx 2 p 
(2) 
d4> 1 
ds = -p {3) ( ds = dx for small curvature) 
Substituting the value of dq, from equation (1) in 










~ = 2C(llT) X + C 
dx H 1 
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Again integrating 
2C (6T) x 2 
y = 2H + Clx + C2 
As the slab is freely supported on the ground, 
At X = 0, y = 0 
At X = 0 ~ = 0 
' dx 
Therefore the equation of curvature is 
C(6T)x2 
y = H 
Where C is the coefficient of thermal expansion 
50 
(6T) is change in temperature from neutral axis to the 
surfaces of the slab. 
H is slab thickness 
x is the distance from the mid point, and 
y is the distance above the tangent at the mid-point. 
Calculations: 
Morning: 
C = 4.5 X 10-6 
(6T}= 10.5°F 
H = 3" 
X = 22 11 
y = C(6T}x2 
H 
= 4.5 X 10-6 X 10-5 X (22} 2 
3 
= .00761 11 Experimental value = 0.007 11 
Afternoon: 
C = 4.5 X 10-6 
H = 3" 
X = 22" 
y = C{8T)x2 
H 




c = 4.5 X 
( 8T) = 6°F 
H = 3" 
X = 22" 
y = C(6T)x2 
H 
10-6 
Experimental value = 0.008" 
= 4.5 X 10-6 X 6 X (22) 2 
3 
= .0044" Experimental value = 0.003" 
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